Abstract Osteosarcoma is the most common primary malignant bone tumour. Currently osteosarcoma classification is based on histological appearance. It was the aim of this study to use a more systematic approach to osteosarcoma classification based on gene expression analysis and to identify subtype specific differentially expressed genes. We analysed the global gene expression profiles of ten osteosarcoma samples using Affymetrix U133A arrays (five osteoblastic and five non-osteoblastic osteosarcoma patients). Differential gene expression analysis yielded 75 genes up-regulated and 97 genes down-regulated in osteoblastic versus non-osteoblastic osteosarcoma samples, respectively. These included genes involved in cell growth, chemotherapy resistance, angiogenesis, steroid-and neuropeptide hormone receptor activity, acute-phase response and serotonin receptor activity and members of the Wnt/ß-catenin pathway and many others. Furthermore, we validated the highly differential expression of six genes including angiopoietin 1, IGFBP3, ferredoxin 1, BMP, decorin, and fibulin 1 in osteoblastic osteosarcoma relative to non-osteoblastic osteosarcoma. Our results show the utility of gene expression analysis to study osteosarcoma subtypes, and we identified several genes that may play a role as potential therapeutic targets in the future.
Introduction
Osteosarcoma (OS) is the most common primary malignant bone tumour in children and adolescents. The introduction of multiagent chemotherapy followed by surgical resection and postoperative chemotherapy has improved the longterm survival of patients with osteosarcoma from only 20% to nearly 70% during the last 30 years [1] . However, there is still a large number of patients whose tumours respond poorly to chemotherapy and who are at high risk for local recurrence and metastasis. These patients do not benefit from the improvements [2] achieved so far and still die early. The ability to identify a high-risk group among osteosarcoma patients would be of major importance in the development of new and risk-adapted strategies.
Osteosarcoma is classified as a malignant mesenchymal neoplasm in which the tumour produces defective, immature bone (osteoid). Despite this simple definition, the clinical behaviour of osteosarcoma is highly heterogeneous in many aspects.
Some osteosarcoma patients can be cured by local therapy without any further adjuvant therapy, whereas others are resistant to chemotherapeutic drugs and present with widespread distant metastasis at the time of diagnosis. The histomorphological findings of each tumour also show a great variety of characteristics.
The predominant cell type in most osteosarcoma is osteoblastic, while others show more fibroblastic-fibrohistocytic and chondroblastic features. Furthermore, osteosarcoma is one of the most frequent tumours associated with other malignancies or hereditary syndromes such as LiFraumeni-, Werner-, or Rothmund-Thomson syndrome. This pronounced heterogeneity raises the question whether osteosarcoma is a single entity at all.
The biological and clinical significance of osteosarcoma subtypes are controversial in literature because data based upon large enough controlled randomised trials recognising osteosarcoma subtypes as separate entities are lacking.
Currently most osteosarcomata are categorised on the basis of morphological and histological criteria as common, chondroblastic, small cell, teleangiectatic, fibroblastic, osteoclast rich, anaplastic, and others.
The prognostic relevance of histological subtypes of osteosarcoma has received little attention and remains a controversial issue [3] [4] [5] [6] . Previous studies have shown that the histological subtype of osteosarcoma is a predictive factor for response to chemotherapy [7, 8] and correlates with disease-free [9, 10] and overall survival [3] . Furthermore, a non-common subtype of osteosarcoma raises the possibility of an individual belonging to a family with hereditary cancer syndrome, reflecting a possible genetic background for malignancy [11] . So far the treatment options for most patients with osteosarcoma are not different between either of these histological subtypes. There is an urgent need to identify markers that distinguish subtypes of osteosarcoma and which may have therapeutic and prognostic implications.
The development of advanced technologies, including serial analysis of gene expression has provided the means to identify global gene expression patterns for a large number of tumour and normal tissue samples. These approaches have been used to characterise genes whose altered expression is important in the development and behaviour of subtypes of tumours. Furthermore, gene expression array profile with bioinformatics analysis can be used to identify the molecular signature of an individual patient's tumour. Subsequent pathway analysis of the resulting gene lists can reveal distinct signalling events which might account for the biological properties attributed to each tumour type.
The aim of this study was to present a comprehensive genomic analysis of osteosarcoma and to better characterise the molecular expression profiles of different sub-types of osteosarcoma.
We applied a microarray-based gene expression profiling approach on ten OS samples to identify molecular signatures that distinguish osteosarcoma subtypes. Elucidation of such molecular expression signatures may be useful in predicting the clinical behaviour of osteosarcoma as well as identifying candidate cellular pathways that can be targets for future therapeutic approaches.
Materials and methods

Patients and total RNA isolation
The study included tissue specimens from ten patients who underwent open biopsy for definite diagnosis of osteosarcoma and before receiving preoperative chemotherapy. All tumour samples were classified by two experienced pathologists. Total RNA was extracted from frozen tissue samples using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The concentration, purity, and integrity of RNA samples were determined by UV absorbance at 260 nm and electrophoresis [12] .
cRNA synthesis and gene expression profiling Total RNA from ten osteosarcoma samples was isolated as described above. Total RNA was repurified with RNeasy MinElute kit per manufacturer's instructions (Qiagen, Valencia, CA). The total RNA (5 µg) was then used for GeneChip analysis. Preparation of cRNA, hybridisation to human U133A GeneChips (Affymetrix, Santa Clara, CA, USA) and scanning of the arrays were carried out according to manufacturer's protocols (https://www.affymetrix.com) as previously published [13] .
Bioinformatic analysis RMA signal extraction, normalisation and filtering was performed as described by Bioconductor (http://www. bioconductor.org) [14] . A non-specific filter was applied prior to hypothesis testing in order to remove genes of low informational content. The filtering criteria for the exemplary data sets required the expression level to be higher than 100 in more than 20% of the samples and the interquartile range (IQR) across the samples on the log base 2 scale to be at least 0.5. To identify genes differentially expressed between the two conditions, we performed a statistical comparison using the limma package implemented in the Bioconductor suite (www.bioconductor. org), which estimates the fold change between predefined sample groups by fitting a linear model and using an empirical Bayes method to moderate the standard errors of the estimated log-fold changes for each probe set. A multiple testing correction based on the false discovery rate (FDR) was performed to produce adjusted p-values [15] . Identification of significantly enriched pathways and gene groups was performed using the methods outlined in a previous publication [16] . For the purpose of visualisation, genes were clustered using a hierarchical cluster algorithm with average linkage and Spearmans rank correlation distance, as provided by the software EPCLUST (http:// ep.ebi.ac.uk/EP/EPCLUST/). Results were visualised with the help of heatmaps and dendrograms. The heatmaps show colour-coded expression levels (red high expression, black medium expression, and green low expression) as seen in Fig. 1 .
Real-time PCR
RNA was extracted using Tri-Reagent (Sigma) according to the manufacturers' protocols. cDNA was synthesised as previously described and PCR amplification was performed as previously described. Primer pairs were selected to span exon boundry sequences to avoid signal detection from human genomic DNA and were purchased from Applied Biosystems. Primer assays used were: Hs00919202_m1 (angiopoietin 1), Hs00400446_m1 (IGFBP3), Hs01070066_g1 (ferredoxin 1), Hs01002399_m1 (BMP), Hs01072200_m1 (decorin), and Hs00972625_m1 (fibulin 1). Human B2M (beta-2-microglobulin, NM_004048.2, Applied Biosystems) was used as endogenous control.
For each PCR, 6 µl cDNA (diluted 1:3 in nuclease-free water), 25 µl Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 900 nM forward primer, 900 nM reverse primer, 200 nM probe and nuclease-free water were added to a final volume of 50 µl. Amplification and detection were carried out in a DNA Thermal Cycler 480 (Perkin-Elmer). Cycling conditions were as follows: depending on the primers, 25-35 cycles were carried out at 94°C for 1 min, 68°C for 2 min, 72°C for 2 min, with an extension of 5 s with each subsequent cycle.
Results
Identification of differentially expressed genes between osteoblastic and non-osteoblastic osteosarcoma based on gene-expression profiles
Considering the difficulties in determining the histological subtype in osteosarcoma biopsies, we examined genes Green indicates genes that are expressed at lower levels compared with mean expression whose expression differed between the histological subclasses. Two patient groups were compared: group A which included exclusively osteoblastic osteosarcoma samples (five cases) and group B including non-osteoblastic osteosarcoma samples (five cases).
We used Affymetrix Gene Chip arrays containing more than 20,000 genes to generate gene expression profiles for ten osteosarcoma samples. We detected 172 genes differentially expressed between the five osteoblastic and five nonosteoblastic osteosarcoma samples (Table 1) . Of these, 75 were significantly up-regulated and 97 significantly downregulated in osteoblastic versus non-osteoblastic osteosarcoma.
Several genes involved in growth, maturation and signalling (TMSL8, ANGPT1, PGF, IMP-3, DKK1, BAMBI, and RRAS2) were expressed in higher levels in osteoblastic osteosarcoma. Genes involved in regulation of gene expression (histone 1, histone 2, histone 3, centrin, and C1orf41) were also expressed in increased levels. Furthermore, several genes implicated in cell cycle and metabolism (SEC14L1, UBE2S, Ferredoxin 1, GGH, Cytochrome c, EIF5A, and prohibitin) and cell-cell interaction/kinase activation (lysyl oxidase, CTP synthase, CD24, CD2AP, adenylate kinase 2, SNX4, syndecan 2, ACYP1 and UCHL1) had increased expression in osteoblastic osteosarcoma compared with nonosteoblastic osteosarcoma. Genes with >2-fold overexpression are presented in Table 1 .
In contrast, 97 genes had reduced expression in osteoblastic osteosarcoma patients compared with nonosteoblastic osteosarcoma patients. There was an overrepresentation of members of genes involved in collagen synthesis (COL3A1, COL6A1, COL8A2, COL11A1, COL6A2, COL6A3, and COL16A1) and extracellular matrix (ECM2, MMP2, MGP, and SPON1). Table 2 lists the names and biological functions of genes expressed in reduced levels with a fold difference >2.
To determine whether particular functional categories of genes were highly enriched in one of the groups we identified gene ontology functional categories that were statistically significant among the list of differentially regulated genes. Genes with increased expression in osteoblastic osteosarcoma were linked to nucleobase-and polyamine metabolism and aerobic respiration. Genes expressed in reduced levels in osteoblastic osteosarcoma included genes involved in steroidand neuropeptide hormone receptor activity, acute-phase response and serotonin receptor activity. Additional functional and pathway classification of the differentially expressed genes is shown in Fig. 2 .
Real-time PCR validation of microarray data
To confirm the results obtained using microarrays, we performed real-time PCR on six selected genes. These genes included angiopoietin 1, IGFBP3, ferredoxin 1, BMP, decorin, and fibulin 1. We used RNA from the same ten tumour samples that were used for microarray analysis.
As shown in Fig. 3 , RT-PCR analysis performed on five osteoblastic and five non-osteoblastic osteosarcoma demonstrated significant expression differences. This result indicates that the RT-PCR results are highly consistent with the microarray data.
Discussion
Microarray technology has provided the means for studying the molecular basis of tumours by examining thousands of genes simultaneously. Using whole genome expression profiling of osteosarcoma samples, we showed that conventional, osteoblastic osteosarcoma are clearly distinct from other osteosarcoma subtypes. This is consistent with the distinct clinicopathological aspects of different osteosarcoma subtypes [10] . The subtype of osteosarcoma seems to be a predictive factor for response to chemotherapy [17] and tends to be associated with disease-free and overall survival [4, 8] .
Although classification of osteosarcoma based on morphological appearance of the tumour is an important prognostic factor, histological subclassification can be difficult even among experienced pathologists. Therefore there is a need to develop new objective methods of osteosarcoma subclassification.
The results of our study using microarray expression signature suggest that osteosarcoma can be classified into two groups based on gene expression profiles, which showed a strong association with histomorphological subtype. Several genes involved in the formation of extracellular matrix showed a clearly distinct expression pattern. For example, the collagen types 3, 6, 11, and 16 were downregulated in the osteoblastic osteosarcoma subgroup. This is in accordance with previous studies where the histological appearance of osteosarcoma specimens has been linked to differences in collagen expression [18] . Furthermore, our comparison of differentially expressed genes within these clusters identified several genes with important implications concerning the origin and clinical behaviour of osteosarcoma and genes that may be targeted for novel therapeutics.
Differential expression of genes encoding for growth factors and receptors
We found a significantly different expression of transforming growth factor, beta-induced (TGFBI) between osteoblastic and non-osteoblastic osteosarcoma. Transforming growth factor, beta-induced (TGFBI) is an extracellular matrix molecule initially cloned from human adenocarcinoma cells treated with TGF-β. Transforming growth factor-beta (TGF-ß) isoforms play an important role in the regulation of cell development and growth. Osteosarcoma expression of TGF-ß isoforms is related to tumour grade and disease progression [19] , and it is a key molecule triggering the expression of extracellular matrix components that play an essential role in tumour cell behaviour [20] . Furthermore, we found a strong decrease of the expression of fibulin 1, a secreted glycoprotein, in osteoblastic osteosarcoma. The fibulins modulate cell morphology and growth and play a role in adhesion and invasion of sarcoma cells [21] . Moreover, the two osteosarcoma subgroups showed a different expression level of heparin binding growth factor 8, pleiotrophin (PTN). PTN modulates cell growth and proliferation of various tumours and has been linked to chemoresistance in osteosarcoma cells [22] . Another component that modulates proliferation, cell adhesion, and migration is Syndecan-2. The Syndecans are cell surface heparan sulphate proteoglycans that can induce apoptosis [23] and sensitise osteosarcoma cells to the cytototoxic effect of chemotherapeutics [24] . Furthermore, in our setting, the expression level of fibroblast growth factor receptor 2 (FGFR2) was significantly different in both osteosarcoma subgroups. Fibroblast growth factor receptor 2 (FGFR2) plays an essential role in bone morphogenesis, and inherited mutations of the FGFR2 gene result in skeletal dysplasias [25] . Loss of heterozygosity of FGFR2 has been found in high grade osteosarcoma [26] , and rearrangement of FGFR2 was reported in rat osteosarcoma cells [27] . The clinical relevance of FGFR2 expression in human osteosarcoma is yet to be determined.
Expression of genes involved in chemotherapy resistance
The success of conventional chemotherapy in osteosarcoma has been limited by drug resistance mechanisms [9, 28] . Selected genes with increased expression in osteoblastic versus non-osteoblastic osteosarcoma samples
Genes are ranked in order of fold change and are listed with their gene symbol ID, mean expression osteoblastic osteosarcoma patients (mean A) and non-osteoblastic osteosarcoma patients (mean B), and with their gene description Therefore one of the most important prognostic factors in osteosarcoma is the response to preoperative chemotherapy. The administration of more intensified chemotherapy to poor responders has failed to improve survival in this patient group in several clinical trials [17] . Therefore it has been suggested that there may be an immanent genetic difference between responsive and non-responsive tumours [29] . Selected genes with lower expression in osteoblastic versus non-osteoblastic osteosarcoma samples
Genes are ranked in order of fold change and are listed with their gene symbol ID, mean expression osteoblastic osteosarcoma patients (mean A) and non-osteoblastic osteosarcoma patients (mean B), and with their gene description Interestingly we found a different expression of several genes related to drug resistance including prohibitin, Annexin1, Annexin 4 and gamma-glutamyl hydrolase (GGH) among the two osteosarcoma subgroups. Prohibitin is a potential tumour suppressor protein that plays an essential role in the modulation of drug-induced cell death and significantly reduced chemotherapy resistance in osteosarcoma cells [30] . The annexins are involved in bone resorption and formation and have been linked to drug resistance in osteosarcoma patients [29] and several human cancer cell lines [31] . One of the drugs most commonly used in systemic osteosarcoma therapy is Methotrexate (MTX). Overexpression of gamma-glutamyl hydrolase (GGH) decreases intracellular MTX and thereby impairs antitumour activity. Increased expression of GGH has also been shown to be associated with resistance to MTX in sarcoma cell lines [32] .
Expression of genes involved in angiogenesis
Malignant proliferating cells depend on supply of nutrients and oxygen. Several genes whose expression is associated with the activation of angiogenesis were differentially expressed between the two subgroups. Among those were angiopoietin (Ang)-1 and Ang-2, decorin and Interleukin 1 receptor. Angiopoietins promote endothelial cell migration, proliferation and capillary formation and have been found to be critical mediators of angiogenesis in several tumours [33] . Differential expression of angiopoietins partially regulated by Interleukin 1 beta was also demonstrated in chondrosarcoma cells [34] . Furthermore, Decorin, an extracellular matrix protein, suppressed angiogenesis and tumour growth in osteosarcoma [35] . Decorin also inhibited cell motility and invasion and the occurrence of pulmonary metastasis in a murine osteosarcoma model [36] . Fig. 2 Functional and pathway classification of the differentially expressed genes. Columns represent the gene expression levels of osteoblastic osteosarcoma patients (group A) and non-osteoblastic osteosarcoma patients (group B). Gene expression profile through pathway analysis demonstrates that genes involved in nucleobase-and polyamine metabolism and aerobic respiration were up-regulated in osteoblastic osteosarcoma patients (group A). Genes involved in steroid-and neuropeptide hormone receptor activity, acute-phase response and serotonin receptor activity were upregulated in nonosteoblastic osteosarcoma patients (group B). Each row represents a gene, and patient samples are depicted in columns. Red indicates genes that are expressed at higher levels. Green indicates genes that are expressed at lower l evels compared with mean expression Differential expression of members of the Wnt/ß-catenin pathway
The Wnt/ß-catenin signal transduction pathway promotes new bone formation acting as a positive regulator of osteoblasts. Over-expression of the Wnt pathway inhibitors, the Dickkopf (DKK) protein family members, have been associated with osteolytic metastatic bone disease in prostate carcinoma [37] . In osteosarcoma, Dickkopf (DKK) homolog 1 increased proliferation by activation of the cell cycle. Another member of the Dickkopf family, DKK 3 inhibited invasion and motility of osteosarcoma cells by modulating the Wnt/ß-catenin pathway and plays a possible role in the pathobiology and progression of osteosarcoma [38] .
Low expression of Fas by osteoblastic osteosarcoma
The Fas receptor and its ligand belong to the tumour necrosis factor receptor family. Fas plays an important role in tumour cell apoptosis and tumorigenesis and in several clinical studies a decrease of Fas expression correlated with poor prognosis [39] . Furthermore, inhibition of Fas signalling promoted lung metastases growth in a murine osteosarcoma model and was considered as a potential therapeutic target for the treatment of osteosarcoma [40] .
Conclusion
Using microarray-based differential expression and gene set analysis, we identified a distinct gene expression pattern of osteoblastic and non-osteoblastic osteosarcoma subgroups. The results of this analysis included genes and gene sets important to osteosarcoma pathogenesis and progression.
We are aware that our study relates to a small sample size; even so, the highly significant results distinguishing the two groups are remarkable. This study could be the basis for further investigations of osteosarcoma gene expression which may lead to the development of an important prognostic tool and the identification of potential targets for the development of new targeted therapy in the future.
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